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Abstract: The environment of space,
specifically radiation and microgravity,
poses a substantial threat to astronauts'
brain health. Understanding the damage
mechanism and therefore paving the way
to finding potential remedies is critical to
protect astronauts during space flight.
Current models are insufficient at
representing the human brain, and
insufficient research has been conducted
on the effect of radiation and microgravity
on the higher structures of the human
brain. This ongoing research aims to use
brain organoids, a tissue-engineered
model that recapitulates the human
brain's anatomy and structure and
investigate the effects of radiation and
microgravity on the brain. At the current
stage, we are reporting the tailoring of
experimental settings, creating a system
ready for in-depth biological studies.
I. INTRODUCTION
Neurological damage is the single biggest
obstacle humankind must overcome to travel
beyond Earth’s orbit1. The brain is arguably
the most critical and complex component of
any human-crewed mission. Symptoms
experienced by astronauts include delayed
reaction times and impaired vision2,3. These
effects will likely worsen as astronauts are
exposed to longer flight times and higher
doses of radiation as we travel beyond Earth's

protective influence. There is a substantial
need for new technologies that gauge the
damage of space to the brain. For example,
estimates for radiation exposure during a
human-crewed
Mars
mission
are
approximately three times greater than
current Permissible Exposure Limits
(PELs)4.
One of the primary causes of damage
to humans from the space environment is
double-stranded DNA breaks5, caused by
free radical oxygen species. These radical
oxygen species are caused by radiation6,
which is particularly problematic for
radiation sources such as galactic cosmic
radiation, which cannot be stopped by
traditional shielding7. Therefore, to protect
astronauts from radiation damage, it is
imperative to search for ways to improve the
body's damage mitigation and repair
mechanisms.
The first step to designing effective
biological mitigation strategies is to better
understand this damage. The primary method
for studying brain damage is to use animal
models (Figure 1A) or cell cultures (Figure
1B) as it is unethical and dangerous to use
human subjects for large radiation dose
testing. While these results are informative,
there are significant differences in the
structure, complexity, and organization
between these models and the human brain.
For example, while rodent models have been
used to study neuroviral damage to the
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human brain, the results are inconclusive due
to the lack of specific layers in rodent brains
that the virus damages in human brains8.
Studies using monolayers are insufficient due
to the lack of complex 3D structures such as
lumens and cortical layers9.
Brain organoids are an ideal solution.
Organoids are millimeter-sized versions of
human organs derived from human stem
cells. Brain organoids possess critical microanatomic structures of the human brain,
making them an improvement over other
brain models (Figure 1). Brain organoids can
recapitulate folding, lumens, and defined
layers that are not present in other models.

Figure 1: Organoids are more similar to the human brain
than other brain models. They show the same layers,
folding, and lumen structure.

These advantages enable brain
organoids to function as models with several
sensitive feedback systems that can be used
directly to analyze the risk presented to
astronauts by the environment of space. On
the cellular level, cell death, sudden changes
in cell morphology, and even differences in
protein expression can be analyzed to
understand the effects of radiation and
microgravity on neurons. On the structural
and organizational level, since organoids
develop in similar ways to the human brain,
the stage of development, changes in
stemness of the cells, and the formation (or

lack of formation) of vital anatomical

Figure
2:
Image
showing the two forces
that are balanced to
create
a
simulated
microgravity
environment.

structures can indicate damage on a level that
cannot be analyzed in other models. This
damage will be simulated on the ground. This
will allow for better control of the severity of
the damage and help eliminate compounding
factors such as vibration and increased
gravity from takeoff and landing.
The radiation exposure is contributed
through close collaboration with the physics
department and the Materials Physics Group.
Specifically, Dr. J. R. Dennison and Achal
Duhoon have facilitated the exposure of brain
organoids to beta radiation using their Str-90
radiation source. Beta radiation, while less
energy-dense than the radiation found in
space, creates the same double-stranded
DNA breaks of interest in this research. Beta
radiation can also make very uniform and
scalable doses of radiation. Using equivalent
dose calculations, the radiation provided by
the Str-90 source can approximate the
quantity of radiation expected during specific
planned NASA missions.
The microgravity system is currently
based on the rotary cell culture system
(RCCS) developed by Synthecon10. This
system is well suited to organoids since they
are naturally non-adherent. This system uses
a rotating cylindrical vessel filled with media.
The organoids, in this case, are carried along
by the circular fluidic flow generated by the
rotation of the vessel. The organoid can be
kept in a balanced suspension by properly
controlling the rate of rotation, the balance of
gravity, and fluidic force (Figure 2). The
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fluidic force varies based on the position of
the organoid within the chamber, increasing
in magnitude further from the axis, and
remaining tangent to the edge of the vessel. If
the rotation is tuned correctly, the organoids
will come to equilibrium on one side of the
RCCS, not settling or reaching the edge of the
vessel. Using radiation from the Str-90
source and microgravity through the RCCS,
we can develop a model of the damage that
the space environment causes to the brain.
II. Progress Overview
During the past 9-months of research, there
has been substantial progress towards
developing this system and integrating the
individual aspects. The requirements for this
system are stringent, demanding reliability,
high throughput, and tunability of damage.
Towards these ends, the methods of creating
the organoids, suspending them in
microgravity, and exposing them to radiation
have been investigated.
II-A. Organoid Generation
Brain organoids exhibit features that make
them uniquely suited to modeling human

brain damage, but this model still suffers
from several drawbacks. The most
commonly used method of creating brain
organoids
introduces
inconsistencies
between samples (e.g., size variance of 50100% of their average value)11. Also, the
micro-anatomical structures such as brain
folding and cortical layering are not
consistent for most methods of brain
organoid generation. Lastly, traditional
organoid generation techniques use a nonuniform) hydrogel embedding technique that
creates a nonremovable layer on the surface
of the organoid. This would limit the ability
to analyze some key features of the brain
organoid, such as electrophysiology. Thus,
my research lab investigated alternative
solutions.
Dr. Huang’s Brain MicroEngineering
Lab finalized and published a new method to
generate brain organoids using a 3D printed
microwell device. This method detailed
creating small pockets for individual cell
aggregates, creating a more consistent
starting point for brain organoids, and
creating improved higher structures (Figure
3)12. In addition, since these organoids do not
need to be embedded in an ECM hydrogel,
this allows for advanced analysis beyond

Figure 3: Image depicting the microwell devices and how they improve brain organoid development. Embryonic bodies (EBs) are
cultured in the microwell devices, and later develop into brain organoids. Experiments were conducted to determine the optimal shape
for these wells. The results indicate that the microwell devices created organoids with more advanced secondary structures. Scale bars
are 1 mm for the Low Resolution Curved, and 100 μm for the immunocytochemical images (green).
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structural and cellular characterizations and
looks at the connectivity and function of the
brain organoids.
II-B. Microgravity
Simulated microgravity can be achieved in
several ways depending on the duration of the
experiment, sensing abilities of the subject,
and experiment environment. Organisms feel
gravity in different ways at different levels.
Besides visual and vestibular indications that
animals have, individual cells experience
microgravity. Recent evidence indicates that
individual cells primarily experience
microgravity through changes in the viscosity
of their cytoplasm. Neurons specifically have
a broad range of changes that they undergo
when exposed to microgravity13. How the
effects on these individual cells impact the
entire brain is currently not understood.
Since the brain organoids are
naturally non-adherent, the Synthecon RCCS
methods of inducing microgravity were a
clear first choice of microgravity system.
Preparing the correct cell organoid density,
developing appropriate controls, and
adapting this system to the unique needs of
the organoids has been an exciting process.
Currently, the experimental process uses two
RCCS systems, one upright in the intended
microgravity position, the other turned 90
degrees so that the rotation is horizontal to the
ground. While brain organoids are often
cultured in culture flasks or well plates, the
addition of a stirring action can change the
diffusion rate into the brain organoids and
thus change aspects of their growth and
development.
The "horizontal control"
concept was developed to generate the same
amount of stirring action without
microgravity. To house the RCCS system, a
custom support was designed in SolidWorks
and printed using a Prusa MK3S+ 3D printer
(Figure 4).

Figure 4: Support stand for the Synthecon RCCS to position
the rotating vessel parrel to the ground. This provides a
stirring motion, with the fluidic flow perpendicular to the
organoids. This acts as a control for the microgravity groups.

The first experiments using this
system provided some valuable information
that can be incorporated into future
experiments. First, the organoids grow in
size, unlike cell carriers. This means that
while the initial rotation speed can be set at
the start of the experiment, adjustments need
to be made periodically. Additionally, one of
the main areas for variation in this system is
a change in turbulence caused by bubbles.
The ability to remove all bubbles from the
system consistently and without being
reintroduced during a media change is
crucial. Any bubbles introduced outside the
incubator will grow in size in the incubator as
the air warms and expands. Lastly, while the
analysis of the organoids can be done
similarly to previous experiments using
immunocytochemical
staining
and
cryosectioning, there were some unexpected
results whose causes have not yet been fully
investigated. While the growth of the
organoids seemed to be as quick or possibly
quicker than well-plate controls, the
organoids also seemed to be more readily
fused (Figure 5A). The solution to this may
be to have fewer organoids within the system.
Still, the fusing may indicate changes in the
organoid's edges caused by shear stress or
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II-C. Radiation

Figure 5: Immunocytochemical image of A) organoid
region that has fused with a second organoid and B)
organoid region that shows lumen structure development.
Τhe blue is nuclei, pink/red is a pluripotent cell marker
(SOX2), and green is an actin stain.

could be a reaction to the microgravity
environment. Further use of the horizontal
control system will help answer these
questions. And while some organoids fused,
the lumen structures that did develop (Figure
5B) show that there is potential to create brain
organoids in this system and that this novel
culture system is compatible with our brain
model.

The radiation exposure is a more
challenging undertaking and took a
substantial amount of planning and
collaboration. Radiation exposure is
inherently more dangerous, but the safety
protocols in place by Dr. Dennison and the
Material Physics Group ensured accurate and
safe exposure of the organoids to radiation.
The first obstacle that we had to
tackle was the amount of radiation that the
brain organoids should be exposed to, and
how to expose them and maintain a
reasonable control group. Since neurons can
be susceptible to changes in temperature, the
radiation
chamber
was
heated
to
approximately 37 degrees C using resistive
heating on the outside of the chamber. A
platform was designed and constructed by
Achal Duhoon to position a 24-well plate in
the appropriate position for maximum
radiation dose per unit time. While designs
are currently being finalized for a machined
polycarbonate shield that will allow for
several subgroups of radiation exposure, the
first tests were conducted with graphite
shielding over control groups. The radiation
exposure groups were covered only by a thin
film to maintain the sterility of the wells. A
dose of approximately 1.25 Gy was delivered
to the organoids over 30 minutes.
A dry run was performed using DI
water to ensure that everyone was
comfortable with the procedure and
understood the safety measures. The final
experiment was conducted using 24
organoids, with 12 as controls and 12
exposed to radiation. The first group of
organoids was collected 24 hours postexposure, and subsequent groups were
collected at 72, 120, and 168 hours postexposure. These organoids are currently
being analyzed through cryosectioning and
immunochemical analysis.
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While the results from this experiment
are still pending, there are a few important
things we learned from this experiment. First,
there was some contamination during this
experiment, which is understandable given
the transfer and amount of time outside the
incubator and biosafety cabinet. This result
could indicate some changes could be made
to the protocol to improve the cleanliness of
the procedure, such as using a more robust
membrane or using an autoclavable chamber
for the exposure that can be prepared
beforehand and sealed more reliably.
Besides, since all organoids did not show
significant signs of damage, it is possible that
to get a substantial baseline, we may need to
have a larger dose of radiation. Our designs
for a radiation shield include several levels of
shielding. Therefore, a very high maximum
exposure to the unshielded organoids would
not risk a complete loss of radiation-exposed
samples and would allow for a better
understanding of the limits of our models.
III. Future Work
In the past 9-months, this project has
developed from an idea to three novel and
powerful techniques to produce a model of
the human brain in space. The next set of
experiments will expand on these concepts in
several important ways and begin exploring
the biological mitigation strategies that can
remove some of the danger posed by space to
the brain.
First, the microgravity experiments need
to be expanded upon. While the first
experiment used only one chamber, up to 5
can be used at one time. This will allow for
the horizontal control group to be utilized in
conjunction with four microgravity groups.
This will allow for a wide range of culture
durations, treatments and develop a clear
understanding of the baseline effects caused
by microgravity.

Secondly, the radiation experiment was a
resounding success and one that is already
being expanded. The current plan for the next
set of radiation experiments will use two 24well plates and four levels of radiation
exposure. This method will allow for a
broader range of radiation doses to be
explored and establish the most significant
damage caused by radiation to the brain. A
complete collapse of some of the higher
structures may result from these higher
dosages, or possibly only effects immediately
noticeable on a cellular level will appear.
Still, this damage may change the long-term
growth of the organoids. Further
investigations can most effectively answer
these questions by analyzing various
radiation doses at various time points.
Third, Dr. Dennison, Achal Duhoon, and
Lori Caldwell (a previous biological
engineering student) have developed systems
that could allow for the simultaneous analysis
of radiation and microgravity effects on brain
organoids. This research is of particular
importance since there may be synergistic
reactions
between
radiation
and
microgravity, such as a reduced ability to
repair
radiation
damage
while
in
microgravity.
Lastly, once the baseline effects of
radiation and microgravity have been
established, we can begin to analyze the
novel biological compounds Utah State
University has access to that may reduce or
prevent this damage. This research aims to
understand the risks of traveling beyond the
Earth's atmosphere and reduce them. The last
9-months have made substantial progress
towards the first goal and set the groundwork
for the second.
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